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Abstract 

We  describe  herein  approaches  for  R&D  of  improved  solutions  for  Li-ion  batteries,  new  concepts  for  measuring  aging  processes  of  Li- 
ion  battery  electrodes  and  approaches  for  the  synthesis  of  novel  electrode  materials  for  Li-ion  batteries.  We  demonstrate  the  possibility 
of  successfully  using  standard  LiPF6  solutions  for  Li-ion  batteries  at  elevated  temperatures  by  the  use  of  organosilicon  additives.  We  also 
show  how  these  solutions  are  compatible  for  5  V  systems.  We  show  how  measurements  of  the  self-discharge  current  of  lithiated  graphite 
electrodes  during  cycling,  reflect  the  complicated  aging  of  the  electrodes,  and  we  map  the  various  processes  that  influence  the  overall  aging 
trends  observed.  Several  novel  approaches  for  the  synthesis  of  nanomaterials  for  Li-ion  batteries,  including  carbonaceous  materials,  tin-based 
compounds  and  transition  metal  oxides,  are  described.  These  include  soft  reactions  in  the  liquid  phase,  high  temperature  reactions  under 
autogenic  pressure  and  the  use  of  microwave  radiation  and  sonochemistry. 
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1.  Introduction 

The  commercialization  of  rechargeable  Li-ion  batteries  in 
recent  years,  and  the  success  of  this  technology  in  conquer¬ 
ing  the  battery  market,  is  driving  the  scientific  and  techno¬ 
logical  communities  towards  even  more  efforts  to  develop 
new  solutions  and  materials  for  new  and  future  generations 
of  Li-ion  batteries.  The  challenges  are,  naturally,  to  achieve 
higher  energy  density,  higher  rates,  higher  stability,  longer 
cycle  and  calendar  life,  and  improved  safety.  These  demands 
create  strong  incentives  for  the  promotion  of  first  rate  basic 
studies  in  materials  science,  surface  science,  crystallography, 
spectroscopy,  microscopy  and,  of  course,  electrochemistry. 
We  should  mention  the  development  of  novel,  high  capac¬ 
ity  negative  electrodes  based  on  amorphous  silicon  [1],  tin 
alloys  [2],  nanoparticles  of  transition  metal  oxides  (low  ox¬ 
idation  state  of  the  transition  metal)  [3],  inter-metallic  com¬ 
pounds  [4]  and  new  carbonaceous  materials  [5].  Intensive 
and  prolific  efforts  are  in  progress  to  develop  new  elec¬ 
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trolyte  solutions  with  non-flammable  solvents  [6],  safer  salts 
such  as  Li-bi  oxalato-borate  (LiBOB)  [7]  and  over  charge 
protection  [8].  Efforts  are  underway  to  develop  new  sepa¬ 
rators  [9]  and  new  solid  state  electrolytes,  both  polymeric 
[10]  and  ceramic  [11].  Finally,  there  are  highly  intensive  ef¬ 
forts  to  develop  new  cathode  materials  such  as  olivines  [12], 
layered  LiMivM2vM3_02  of  high  redox  potentials  [13]  and 
LiMn2-xMx04  spinel  compounds  of  high  redox  potentials 
[14]. 

Intensive  efforts  are  underway  to  understand  all  the  fine 
details  regarding  the  structure  of  these  materials,  their  sur¬ 
face  chemistry  and  the  correlation  between  these  details 
and  the  electrochemical  behavior  of  electrode  materials.  The 
use  of  novel  methods  such  as  solid  state  NMR  [15],  neu¬ 
tron  diffraction  [16],  XANES  [17],  EXAFS  [18]  and  in  situ 
techniques  (e.g.,  Raman  [19],  FTIR  [20],  SPM  [21],  XRD 
[22]  and  MS  [23])  contributes  a  great  deal  to  high  level 
research  in  that  field.  Another  important  breakthrough  in 
the  field  that  should  be  acknowledged  is  the  intensive  and 
highly  successful  use  of  computational  chemistry  for  the 
prediction  of  bulk  structures  [24]  and  interfacial  interactions 
[25]. 
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All  the  references  cited  above  are  only  limited  examples 
of  the  basic  and  intensive  studies  that  are  dedicated  to  the 
advance  of  Li  battery  technology. 

In  this  paper,  we  would  like  to  describe  in  brief  some 
recent  contributions  of  the  electrochemistry  group  at  Bar- 
Ilan  University  to  the  science  of  Li  batteries,  R&D  of  new 
solutions,  new  measurement  procedures  and  new  synthesis 
routes  of  electrode  materials. 

2.  Experimental 

Electrolyte  solutions  comprising  various  alkyl  carbonate 
solvents  (EC,  DMC,  EMC,  DEC,  etc.)  and  LiPF^  were  ob¬ 
tained  from  Merck  KGaA  or  from  Tomiyama  Inc.  (Li  battery 
grade),  and  could  be  used  as  received.  Organosilicon  addi¬ 
tives  were  obtained  from  Aldrich  Inc.  and  LiMni ^Nio.sCL 
electrodes  were  obtained  from  LG  (Daejon,  Korea).  Vari¬ 
ous  carbonaceous  materials  were  obtained  from  companies 
such  as  Timrex  Inc.,  Superior  Graphite  Inc.  and  Osaka  Gas 
Inc.  Precursors  for  different  syntheses  were  obtained  from 
Aldrich  Inc.  and  Fluka  Inc.  Composite  negative  and  positive 
electrodes  comprising  Cu  and  A1  foil  current  collectors,  re¬ 
spectively,  coated  with  thin  films  containing  the  active  mass 
(graphitic  carbons  or  transition  metal  oxides),  conductive 
additives  (5-10%)  in  the  case  of  positive  electrodes  and  a 
PVdF  binder  (5-10%),  were  prepared  as  already  described 
[26].  Most  of  the  electrochemical  measurements  were  car¬ 
ried  out  using  a  three-electrode  cell  configuration  in  coin-type 
cells  from  NRC  Canada  (Li  foils,  reference  and  counter  elec¬ 
trodes).  The  electrochemical  measurements  were  carried  out 
using  multichannel,  computerized  equipment  from  Maccor, 
Arbin,  Solartron,  EG&G  and  ECO  Chemie,  with  the  rele¬ 
vant  software.  All  the  preparations  for  the  electrochemical 
and  spectroscopic  measurements  were  carried  out  in  VAC 
Inc.  glove  boxes  (highly  pure  argon  atmosphere).  Micro¬ 
scopic  measurements  were  carried  out  using  TEM,  SEM  and 
HRTEM  equipment  from  JEOL  Inc.  The  transfer  method  has 
already  been  described  [27] .  XPS  measurements  were  carried 
out  using  the  H-Axis  system  from  Kratos  Inc.  Micro  Raman 
measurements  were  carried  out  using  equipment  from  Jobin- 
Ivon  Inc.  The  element  analysis  of  the  solutions  was  carried 
out  by  atomic  absorption  (AA)  and  ICP  (equipment  from 
Perkin-Elmer  Inc.). 

3.  Results  and  discussion 

3.1.  High  performance  ofLiPF solutions 

The  standard  solutions  used  in  Li-ion  batteries,  which  usu¬ 
ally  comprise  mixtures  of  alkyl  carbonate  solvents  with  EC 
as  a  necessary  component,  and  LiPF6  as  an  electrolyte,  were 
developed  based  on  systematic  experiments  and  extensive 
work  over  more  than  two  decades  (1970-1990).  Most  of  the 
negative  electrodes  for  Li  batteries  (Li,  Li  alloys,  lithiated  car¬ 


bonaceous  materials,  etc.)  develop  highly  stable  passivation 
in  the  standard  solutions,  based  on  reasonably  stable  surface 
films  that  are  good  Li-ion  conductors  [28].  On  a  thermody¬ 
namic  basis,  all  negative  electrodes  for  Li-ion  batteries  are 
highly  reactive  with  all  alkyl  carbonates  and  with  PF6-  and 
its  decomposition  product,  PF5.  Nevertheless,  the  metasta¬ 
bility  reached  in  all  Li-ion  battery  systems  in  the  negative 
electrode-solution  interface,  due  to  the  formation  of  passi¬ 
vating  surface  films,  is  sufficient  to  allow  the  satisfactory  per¬ 
formance  of  4  V  Li-ion  batteries  at  ambient  conditions  (hun¬ 
dreds  of  cycles  at  100%  DOD,  long  calendar  life,  1 C  rates  and 
higher).  In  addition,  it  is  clear  that  the  standard  solutions  are 
compatible  with  all  possible  4  V  cathodes  used  or  suggested 
for  use  in  Li-ion  batteries  (LiCo02  in  use,  LiM^CL  and  its 
derivatives,  LiNiC>2  and  its  derivatives,  etc.).  While  there  are 
obvious  surface  reactions  between  the  above  cathodic  mate¬ 
rials  and  standard  solutions,  including  nucleophilic  reactions 
[29],  acid-base  reactions  [29]  and  transition  metal  dissolu¬ 
tion  [30],  these  surface  reactions  are  usually  minor  and  are 
not  detrimental  to  the  successful  operation  of  Li-ion  batter¬ 
ies.  Hence,  there  are  no  measurable,  pronounced  reactions 
between  4  V  cathodes  and  standard  solutions  at  ambient  tem¬ 
peratures.  We  should  mention,  however,  that  at  elevated  tem¬ 
peratures,  there  are  pronounced  redox  reactions  between  the 
PF^-  anion  and  the  solvents  [31]  and  between  all  the  solu¬ 
tion  components  and  the  cathode  materials  [32]  with  onsets 
>150  °C.  The  remaining  major  problems  of  the  standard  so¬ 
lutions  are  high  temperature  performance,  compatibility  with 
high  voltage  cathodes  (e.g.,  5  V  substituted  LixMn2-yMv04 
spinel  materials,  M  =  Ni,  Cu  and  Cr)  and  flammability.  The 
above-mentioned  metastability  on  which  the  successful  op¬ 
eration  of  Li-ion  batteries  depends,  results  in  a  very  deli¬ 
cate  balance  among  many  possible  surface  reactions  on  both 
anodes  and  cathodes.  Therefore,  replacement  of  the  major 
components  of  standard  solutions,  e.g.,  solvents  and  salt,  in 
order  to  improve  the  performance  of  the  batteries  beyond 
the  present  achieved  performance,  appears  to  be  impracti¬ 
cal.  Hence,  the  practical  challenge  is  to  push  to  the  utmost, 
the  performance  of  current  standard  solutions,  thus  obtain¬ 
ing  good  performance  at  elevated  temperatures  and  with  high 
voltage  cathode  materials. 

We  discovered  that  the  use  of  organosilicon  compounds 
as  additives  (around  1%,  v/v)  can  improve  considerably 
the  performance  of  Li-ion  battery  systems  at  elevated  tem¬ 
peratures.  Fig.  1  summarizes  the  results  of  several  exper¬ 
iments  with  full  Li-ion  cells  and  with  half  cells  at  60  °C. 
The  systems  studied  included  MCMB-graphite/EC-DMC- 
LiPF6  1  M/LiCo02,  Li/standard  solution/MCMB  graphite 
and  Li/standard  solution/LiCo02  (coin-type  cells).  A  moder¬ 
ate,  but  continuous,  capacity-fading  is  observed  when  Li-ion 
cells  are  cycled  at  elevated  temperatures.  Testing  half  cells 
shows  that  the  major  capacity-fading  observed  is  due  to  the 
anode  side.  Based  on  thermal  studies  of  standard  solutions 
[31],  we  suggest  that  small-scale  redox  reactions  between 
PF^-  or  PF5  and  the  solvent  molecules  produce  HF,  which 
reacts  with  major  components  in  the  passivating  surface  films 
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Fig.  1.  A  summary  of  experiments  related  to  MCMB-LiCo02,  MCMB-Li 
and  LiCo02-Li  cells  with  standard  EC-DMC/LiPF6  1  M  solutions  and  the 
same  solution  containing  1%  of  an  R.4Si  additive. 

on  the  anode:  ROLi,  ROCC^Li,  L^O  and  LiOH,  resulting  in 
the  precipitation  of  LiF  [28].  Surface  films  comprising  LiF 
as  a  major  component  are  highly  resistive  to  Li-ion  migration 
[28].  These  secondary  reactions  at  elevated  temperatures  also 
lead  to  the  electrical  isolation  of  graphite  particles.  Thus,  the 
performance  of  the  anode  side  deteriorates  upon  cycling  at 
elevated  temperatures  due  to  both  the  increase  in  impedance 
and  the  electrical  disconnection  of  the  active  mass  from  the 
current  collector.  When  the  solutions  contain  organosilicon 


compounds,  the  latter  react  with  trace  HF  and  F^O  in  the  bulk 
and  neutralize  them  from  reacting  on  the  electrodes’  surface. 
Thereby,  the  performance  of  the  anode  size  considerably  im¬ 
proves  at  elevated  temperatures  with  standard  solutions  con¬ 
taining  R4Si  compounds.  There  is  also  a  positive  impact  on 
the  cathode  side,  as  demonstrated  in  Fig.  1 .  However,  here  the 
impact  is  less  pronounced,  simply  because  the  negative  effect 
of  species  such  as  HF  is  less  pronounced  on  the  cathode  side. 
In  general,  H+  in  solutions  reacts  with  LiAM02  oxides  and 
lead  to  cation  exchange,  dissolution  of  Mz+  and,  hence,  detri¬ 
mental  changes  in  the  structure  of  the  active  mass  near  the 
particles’  surface.  However,  in  the  case  of  LiCoC>2  cathodes, 
the  presence  of  Co2+  cations  in  solutions  stabilizes  the  ac¬ 
tive  mass  and,  thus,  the  negative  effect  of  the  presence  of  H+ 
on  the  performance  of  LiCoC>2  cathodes  is  limited  (because 
when  Co  ions  dissolve  and  build  up  a  steady  concentration 
in  the  solution,  the  surface  of  the  electrodes  stabilizes  [33]). 

Fig.  2  demonstrates  the  ability  to  use  LiPF6 -based 
solutions  for  5  V  Li-ion  batteries.  The  figure  summarizes 
many  experiments  with  LiNio^Mni  5O4  spinel  electrodes 
in  EC-EMC/LiPF6  solutions,  in  which  the  capacity  of 
these  electrodes  (theoretical  capacity  of  158  mAh  g-1) 
was  measured  as  a  function  of  rate,  cut-off  voltage  and 
temperature.  An  optimal  performance  was  obtained  when 
using  1.5  M  LiPF6  solutions.  Since  PF^-  is  the  strongest 
oxidizer  in  these  solutions,  its  high  concentration  increases 
the  anodic  stability  of  the  solutions.  The  important  message 
from  these  experiments,  summarized  in  Fig.  2,  is  that  a 
cut-off  voltage  of  4.85  V  (versus  Li/Li+)  is  sufficient  for 
extracting  all  the  possible  capacity  from  these  electrodes 
at  practical  rates.  At  this  potential,  the  solutions  are  stable 
and  no  detectable  reactions  between  the  electrodes  and  the 
solutions  can  be  measured.  LiNio^Mni  5O4  electrodes  could 


Cut-off  potential,  V 


4.78  4.80  4.82  4.84  4.86  4.88  4.90  4.92  4.94  4.96  4.98  5.00 


Fig.  2.  A  summary  of  experiments  in  which  composite  LiNiosMni  5O2  electrodes  were  cycled  (voltammetric  measurements)  in  an  EC-EMC/LiPF6  1.5  M 
solution.  The  capacity  vs.  cut-off  potentials,  scanning  rates  and  temperature  are  indicated. 
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be  cycled  several  hundred  times  in  the  above  solution  at 
60  °C  with  relatively  low  capacity-fading  (<0.3%  loss  per 
cycle)  and  very  stable  impedance  characteristics. 

The  surface  chemistry  of  these  systems,  which  may  lead 
to  their  stability,  is  currently  being  explored.  The  detrimental 
effects  of  the  high  concentration  of  LiPF^  can  be  minimized 
by  the  use  of  additives,  as  discussed  above  (this  is  currently 
being  studied). 

3.2.  A  new  measurement  procedure:  the  study  of 
self- discharge  current  as  a  diagnostic  tool  for  aging 
processes 

When  graphite  electrodes  are  fully  lithiated  (LiC6),  they 
are  very  strong  reducing  agents.  The  passivating,  SEI  type, 
surface  films  that  cover  the  graphite  particles  (formed  by  the 
reduction  of  solution  species  at  low  potentials,  in  the  presence 
of  Li-ions  [28]),  never  provide  absolute  passivation.  Thereby, 
there  are  unavoidable,  minor  and  small-scale  self-discharge 
processes  of  lithiated  graphite  electrodes  (corrosion  cycles) 
in  which  electrons  are  injected  into  the  solution  phase  through 
the  surface  films  (tunneling  processes),  while  Li-ions  migrate 
in  parallel  through  the  surface  films  towards  the  film-solution 
interface,  to  complete  the  cycle.  This  process  can  be  moni¬ 
tored  by  measuring  the  open  circuit  voltage  of  fully  lithiated 
graphite  electrodes,  which  always  goes  up  upon  storage 
at  OCV  conditions.  The  self-discharge  current  (/sd)  is  a 
product  of  dEoc\/dt  and  d QldE,  where  Q  is  the  capacity  of  Li 
intercalation  and  its  function  of  potential  ( E )  is  well  known 
(e.g.,  from  the  integration  of  SSCV  curves).  We  measured 
systematically  the  /sd  of  various  types  of  graphite  electrodes 
(crystalline,  synthetic  flakes,  natural  graphite  particles  and 
MCMB)  in  their  lithiated  state,  at  various  temperatures  and 
during  prolonged  cycling.  In  a  typical  experiment,  graphite 
electrodes  were  cycled  galvanostatically  or  by  voltammetry, 
hundreds  of  times,  at  100%  DOD  in  standard  solutions  (e.g., 
EC-DMC  with  LiPF6).  At  the  end  of  lithiation  for  each 
cycle,  the  self-discharge  current  as  well  as  the  impedance 
spectrum  of  the  electrode  were  measured.  After  several 
selected  cycles,  slow  scan  rate  cyclic  voltammograms  were 
measured,  from  which  the  kinetic  behavior  of  the  electrode 
upon  cycling  could  be  examined.  Cycled  electrodes  were 
also  measured  by  SEM  and  Raman  spectroscopy.  Hence,  we 
accumulated  a  great  deal  of  data  for  many  electrode-solution 
systems  that  correlate  capacity,  self-discharge  current, 
impedance  behavior  and  kinetics,  as  a  function  of  cycle 
number. 

Fig.  3  provides  a  typical  summary  of  such  data  (capacity 
and  /sd  versus  cycle  number  plus  some  selected  impedance 
spectra  and  slow  scan  rate  voltammograms).  The  capacity  of 
all  types  of  graphite  electrodes  usually  fades  very  slightly 
in  standard  solutions,  during  prolonged  cycling.  The  elec¬ 
trodes’  impedance  (surface  film  resistance  and  charge  trans¬ 
fer  resistance)  decreases  rapidly  during  initial  cycling  and 
then  stabilizes  (Fig.  3).  The  self-discharge  current  of  these 
electrodes  upon  cycling  always  shows  a  peculiar  (but  con¬ 


sistent)  behavior:  it  initially  decreases  and  then  after  initial 
cycling,  it  stabilizes  at  low  values.  As  cycling  continues,  /sd 
increases  after  the  first  few  dozen  cycles  and  then  stabilizes  at 
relatively  high  values  (see  Fig.  3).  This  peculiar  behavior  can 
be  explained  in  light  of  further  spectroscopic  and  imaging 
results: 

1.  The  surface  films  on  graphite  initially  comprises  Li  or¬ 
ganic  salts,  ROLi  and  ROCC^Li  compounds.  These  sur¬ 
face  species  react  with  trace  HF  to  form  the  corresponding 
acids,  alcohols  and  LiF.  Surface  films  on  aged  graphite 
electrodes  in  LiPF6  solutions  contain  a  high  percentage 
of  LiF  and  compounds  of  the  LiAPFv  and  LiAPOvFz  type. 

2.  During  prolonged  cycling,  graphite  crystallites  become 
increasingly  more  cracked  and  disordered.  We  can  even 
say  that  there  is  some  amorphization  of  graphite  near  the 
surface  crystallites.  This  is  clearly  evident  by  SEM  (see 
Fig.  3)  and  by  Raman  spectroscopy,  which  clearly  shows 
new  bands  that  belong  to  disordered  carbon,  in  the  spectra 
of  cycled  electrodes. 

Hence,  the  self-discharge  currents  of  lithiated  graphite 
electrodes  that  we  measure  during  cycling  is  meaningful  and 
reflects  several  aging  processes  that  takes  place  in  parallel, 
and  that  can  be  properly  mapped,  based  on  impedance,  SSCV 
and  spectroscopic  studies. 

There  are  two  domains  to  be  discussed:  the  aging  pro¬ 
cesses  of  the  surface  films  and  the  changes  in  the  bulk 
graphite.  The  electrical  properties  of  the  surface  films  formed 
initially  are  obviously  different  from  the  surface  films  that 
develop  during  cycling.  There  are  secondary  reactions  and 
dissolution-precipitation  processes  that  bring  the  most  insol¬ 
uble  species  to  the  surface.  If  the  active  mass  would  be  stable, 
the  surface  films  should  reach  a  steady  state,  with  efficient 
passivating  properties.  Any  tunneling  of  electron  through  the 
surface  films  results  in  the  reduction  of  solution  species  that 
form  insoluble  products  that  block  the  holes.  Hence,  the  /sd 
should  reach  zero  values  upon  aging  if  the  surface  films  are 
laid  on  a  stable  substrate.  However,  the  graphite  particles 
are  not  stable.  In  addition  to  the  periodic  changes  in  volume 
upon  a  single  lithiation-delithiation  cycle,  there  are  progress¬ 
ing  changes  during  cycling:  the  capacity  fades,  not  due  to  in¬ 
creasing  kinetic  limitations,  as  is  evident  from  EIS  and  SSCV 
measurements,  but  rather  due  to  changes  in  the  active  mass. 
Upon  cycling,  there  is  progressive  cracking  of  the  graphite 
particles  and  even  some  amorphization  near  the  surface  (Ra¬ 
man  and  SEM).  Hence,  there  is  also  a  progressive  increase  in 
the  surface  area  of  the  active  mass.  This  explains  the  increase 
in  the  self-discharge  current  upon  cycling  (Fig.  3).  These 
changes  in  the  surface  area  of  the  graphite  particles  reach  a 
steady  state  (a  higher  surface  area  than  the  initial  state)  and, 
thereby,  the  self-discharge  current  stabilizes  at  relatively  high 
values,  as  seen  in  Fig.  3. 

It  should  be  emphasized  that  the  behavior  described 
above  and  summarized  in  Fig.  3  relates  to  ‘normal’  systems 
comprised  of  high  purity  solutions,  a  high  ratio  between  the 
electrodes’  surface  area  and  the  solution  volume  (i.e.,  a  rela- 
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Fig.  3.  A  summary  of  experiments  with  a  graphite  electrode  (composed  of  synthetic  flakes)  in  an  EC-DMC/LiPF6  1  M  solution  at  RT  The  self-discharge  current 
measured  at  each  cycle  from  the  fully  lithiated  electrode  and  the  capacity  are  plotted  as  a  function  of  cycle  number.  SSCV  curves  and  impedance  spectra 
(Nyquist  plots)  for  three  selected  cycles  and  SEM  micrographs  of  the  pristine  and  the  cycled  electrode  are  also  presented  in  the  figure. 


tively  low  impact  of  impurities)  and  well  prepared  electrodes 
(thin,  compact,  with  good  electrical  inter-particle  contact). 
There  are  complications  related  to  thick  and  non-uniform 
electrodes  and  solutions  containing  impurities  (H2O,  HF  and 
other  acidic  or  protic  species).  As  already  described,  such 
systems  may  develop  high  impedance  during  cycling  and 
capacity-fading,  which  results  from  the  isolation  of  graphite 
particles  by  passivating  surface  films  [34].  A  high  level  of 
impurities  means  pronounced  secondary  reactions  that  may 
change  the  properties  of  the  surface  films,  e.g.,  to  semi 
conductors,  which  means  high  rates  of  self-discharge  and  the 
build  up  of  thick  surface  films.  In  addition,  the  effect  of  tem¬ 
perature  on  the  passivating  properties  of  the  surface  films  is 
very  pronounced.  At  elevated  temperatures,  surface  species 
dissolve,  the  surface  chemistry  may  change  and  the  electrical 


conductivity  of  the  surface  species  is  higher  (i.e.,  higher 
self-discharge  rates  and,  thus,  more  pronounced  capacity¬ 
fading). 

3.3.  The  preparation  of  nanomaterials  for  Li-ion 
batteries 

The  use  of  nanomaterials  in  composite  electrodes  for  Li 
batteries  means,  on  one  hand,  very  short  diffusion  length  and 
low  charge  transfer  resistance  due  to  the  high  surface  area 
of  the  active  mass.  On  the  other  hand,  since  most  electrode 
materials  for  Li/Li-ion  batteries  are  expected  to  be  reactive 
with  all  standard  solutions  (comprising  polar  aprotic  solvents 
and  conventional  Li  salts),  the  high  surface  area  of  nanopar¬ 
ticles  also  means  pronounced  surface  reactions  and,  thus,  a 
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high  level  of  irreversibility.  Another  critical  point  is  the  ease 
of  production  and  cost  effects. 

In  order  to  be  practical,  materials  for  batteries  have  to  be 
sufficiently  cheap  and  their  synthesis  has  to  be  as  simple  as 
possible.  Below,  we  describe  some  efforts  made  to  develop 
nanomaterials  for  Li  batteries. 

3.3.1.  Tin-carbon  composites 

Mesoporous  carbon  (MSPC)  particles  were  prepared 
using  SBA-15  (which  is  a  known  type  of  porous  silicon  [35]) 
as  a  template.  Its  synthesis  was  carried  out  according  to  the 
work  of  Zhao  et  al.  [35].  Samples  of  as-prepared  SBA-15 
were  calcined  at  500  °C  for  6h  and  were  mixed  with  an 
aqueous  solution  containing  sulfuric  acid  and  sucrose.  After 
sonication  in  an  ultrasonic  bath,  the  suspension  was  heated 
at  100  °C  for  6h  and  later  at  200  °C  for  6h.  The  annealed 
black  solid  material  was  annealed  at  900  °C  (Ar),  thus 
forming  a  carbon-silica  composite.  The  silica  was  removed 
by  NaOH  solution  in  a  mixture  of  water  and  ethanol,  leaving 
out  the  mesoporous  carbon.  For  the  insertion  of  SnO  into  the 
MSPC  particles,  the  latter  were  mixed  with  a  solution  of  tin 
chloride  and  SnCl2,  in  ethanol.  The  solution  was  sonicated 
in  an  ultrasonic  bath  for  30  min,  after  which  the  ethanol  was 
evaporated  and  the  residue  was  heated  at  530  °C  under  argon 


(A)  TEM  images  of  a  Tin-Mesoporous  carbon 
particle 


0  50  100  150 


for  2  h.  The  product  underwent  the  regular  characterization 
process,  including  wide  angle  XRD,  TEM  and  BET  measure¬ 
ments. 

Fig.  4  summarizes  several  important  experimental  results 
related  to  this  material.  The  XRD  patterns  show  a  typical  Sn 
peak,  meaning  that  we  obtained  a  reduction  of  SnO,  probably 
by  ethanol.  The  TEM  image  shows  the  unique  morphology 
of  these  particles.  The  pristine  carbon  material  is  inactive  in 
Li  insertion,  while  the  C-Sn  composite  shows  very  stable 
and  reversible  lithiation  in  which  the  Sn  particles,  embedded 
in  the  carbon  matrix,  play  a  key  role.  An  overall  reversible 
capacity  around  400  mAh  g-1  could  be  obtained,  meaning 
that  the  lithiation  of  the  tin  is  close  to  the  theoretical  capacity 
of  Li^Sn  (the  Sn/C  ratio  was  around  1/3)  [36]. 

3.3.2.  SnS 

Nanoparticles  of  SnS  could  be  synthesized  by  reacting 
H2NCSNH2  with  SnCl2  in  an  aqueous  medium  using  mi¬ 
crowave  radiation.  The  following  is  the  mechanism: 

H2NCSNH2  +  2H20  ->  C02  +  2NH3  +  H2S 

and 

SnCl2  +  H2S  ->  SnS  +  2HC1. 

lOOOi - 


onn. 


p  '  — 1 — ^ 1 — ^ - 1 > 1 1 - 1 • 1 1 1 
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(B)  XRD  pattern  of  the  Sn/MSPC  matrix 
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(C)  Galvanostatic  measurements  of  Tin-mesoporous  carbon  (C/20)  electrodes 

Fig.  4.  Several  key  data  related  to  the  Sn-mesoporous  carbon  (MSPC)  anode  material:  (A)  TEM  image  of  a  single  particle,  (B)  XRD  pattern  of  the  active  mass, 
which  in  fact  relates  to  metallic  tin  particles  and  (C)  galvanostatic  cycling  in  an  EC-DMC/LiPF6  1  M  solution  of  a  composite  electrode  comprising  the  active 
mass  and  PVdF  binder  (9:1).  C/10  rate,  25  °C,  the  voltage  profile  and  the  capacity  vs.  cycle  number  are  presented. 
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SnS  particles  of  high  purity  could  be  obtained  as  nano¬ 
flakes.  Composite  electrodes  comprising  SnS,  carbon  and 
a  PVdF  binder  (8:1:1,  w/w/w),  could  be  cycled  in  alkyl 
carbonates/Li  salt  solutions  and  demonstrated  reversible 
lithiation-delithiation  stable  cycling,  with  a  capacity  around 
600  mAhg-1. 

3.3.3.  VOx  compounds 

We  developed  a  series  of  reactions  under  autogenic  pres¬ 
sure  at  elevated  temperatures  that  could  be  carried  out  in  very 
simple  reactors.  VO(OC2H5)3  was  heated  to  700  °C  during 
1  h  in  a  closed  metallic  vessel  and  produced  carbon  coated 
V2O3  nanoparticles. 

The  carbon  coating  around  these  nanoparticles  (50  nm  av¬ 
erage  particle  size)  was  10-15  nm  thick  and  was  permeable  to 
Li-ions  because  the  carbon  interlayer  spacing  was  sufficiently 

o 

large,  >3.8  A.  Thus,  this  material  was  found  to  be  electro- 
chemically  active  and  intercalates  reversibly  with  lithium  at 
potentials  between  2  and  4  V.  The  oxidation  of  this  material 
in  air  produced  y-V 2O 5  coated  with  a  thin  carbon  layer  (a 
few  nm  thick  and  active  in  non-aqueous  Li  salt  solutions): 

400°  C  air 

carbon  coated  V203  CCV205 

Cycling  CCV2O5  as  the  active  mass  in  composite  elec¬ 
trodes  in  non-aqueous  Li  salt  solutions  (e.g.,  PC/LiClCL) 
between  2  and  4  V  (Li/Li+)  produced  an  irreversible 
phase  transition  to  co-Li* V2O5  that  could  be  lithiated  and 
delithiated  repeatedly  at  very  stable  capacities  close  to 
300 mAhg-1.  The  production  procedure  of  the  CCV2O5 
can  be  easily  upscaled  to  obtain  large  quantities. 

Electrochemically  active  nano  VO*  materials  could  also 
be  produced  by  sonochemistry.  (iPrO)3  VO  under  sonic  radi¬ 
ation  in  a  de-aerated  water  medium  decomposes  to  V3O7 
nanoparticles,  which  are  electroactive  in  Li  salt  solutions 
[37].  Heating  this  material  in  air  (300  °C)  produced  highly 
pure  nanoparticles  of  y-V 2O 5  that  intercalate  with  lithium 
reversibly,  as  expected. 

4.  Conclusions 

Standard  LiPF6  solutions  (in  mixtures  of  alkyl  carbon¬ 
ates  such  as  EC-EMC,  EC-DMC  and  EC-DEC-DMC)  can  be 
used  at  elevated  temperatures  in  Li-ion  batteries,  by  adding 
to  them  organosilicon  compounds  that  react  with  trace  HF 
and  water  in  the  bulk  and,  hence,  avoid  the  detrimental  im¬ 
pact  of  acidic  contaminants  on  the  electrodes’  performance 
in  Li-ion  batteries.  It  should  be  emphasized  that  the  weak  side 
in  Li-ion  batteries,  upon  cycling  at  high  temperatures  (e.g., 
60  °C),  is  the  Li-carbon  anode  (failure  through  isolation  of 
graphite  particles  by  electronically  insulating  surface  films). 
Thus,  the  most  important  impact  of  these  additives  is  improv¬ 
ing  the  cycleability  of  the  Li-C  anodes.  However,  there  is  also 
a  positive  impact  on  LiCoC>2  electrodes  (reduction  of  Co  ion 
dissolution  during  prolonged  cycling  and  prevention  of  high 
impedance).  Standard  LiPF6  solutions  can  also  be  used  for 


5  V  cathodes  such  as  LiMni  .sNio.sC^,  where  a  cut-off  voltage 
below  4.85  V  (Li/Li+)  is  sufficient  to  extract  all  the  capacity. 

We  described  herein  changes  in  the  safe  discharge  current, 
measured  from  lithiated  graphite  electrodes  during  prolonged 
cycling,  which  reflect  two  opposing  processes.  The  surface 
films  and  the  electrodes’  passivation  should  naturally  stabi¬ 
lize  during  cycling  if  the  morphology  of  the  active  mass  is 
stable.  However,  prolonged  cycling,  even  in  the  best  systems, 
leads  to  cracking,  disordering  and  some  amorphization  of  the 
graphite  active  mass  near  the  surface  and,  hence,  increases 
the  active  surface  area  of  the  graphite  particles.  Thereby,  the 
self-discharge  current  initially  drops  during  cycling,  stabi¬ 
lizes  at  low  values  and  then  rises  and  stabilizes  at  high  values 
due  to  the  increase  in  the  electrodes’  surface  area. 

Finally,  we  examined  several  types  of  nanomaterials  for 
Li-ion  batteries,  including  mesoporous  carbon  particles  filled 
with  tin,  SnS  nanoparticles  and  V2O5  nanoparticles.  The 
common  denominator  in  these  efforts  was  the  promising  per¬ 
formance  of  composite  electrodes  comprising  these  materials 
in  reversible  and  stable  repeated  lithiation-delithiation  cy¬ 
cling  and  synthetic  routes  that  are  relatively  cheap,  simple 
and  can  be  upscaled  to  large  quantities. 
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